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Abstract
The development of laser-induced incandescence (LII) approach for characterizing the production of high-purity non-
carbonaceous metal oxides produced in flame synthesis systems is in progress. This work aims to prove the feasibility of 
LII measurement for titanium dioxide (TiO

2
 ). In previous works, laser-induced emission (LIE) was investigated for flame-

synthetized TiO
2
 particles. However, the presence of carbon materials was detected. As this calls into question the nature 

of the signal, we consider in this work LIE of high-purity engineered TiO
2
 nanoparticles to circumvent the carbon issue. 

Specifically, we investigate the spectral and temporal laser-induced emissions of pure TiO
2
 nanoparticles dispersed in a 

non-reactive environment. In parallel, LIE from carbon black is examined to validate the strategy and highlight differences 
between carbon black and TiO

2
 . The TiO

2
 results indicate that depending on the laser fluence, different prompt interfer-

ences appear. The literature suggests that these non-thermal emissions are likely to be from fluorescence or phase-selective 
laser-induced breakdown spectroscopy, both characterized by a short lifetime. To avoid these parasitic signals, measurement 
acquisition time is delayed. A spectral red-shift is observed with time as a result of decreasing particle temperature. This 
proves the LII nature of delayed emission from pure TiO

2
 , which is confirmed by the LII-like nature of the temporal signals.

1  Introduction

Titanium dioxide (TiO2 , titania) nanomaterials are the sec-
ond most produced powders through flame synthesis tech-
nology [1] following carbon black. They are widely used for 
pigment, cosmetics, and semiconductors [2]. With its unique 
photocatalytic properties, TiO2 also gets more attention in 
wastewater treatment [3] and solar power systems [4].

Flame synthesis technology can control the final product 
characteristics with a wide versatility through the choice 

of reactants and precursors, mixture composition, resi-
dence time, and temperature experienced by the particles 
[5]. These operating conditions are closely related to the 
history of the particles, i.e., the local gaseous conditions 
experienced by the particles along their trajectory that play 
an important role on the physicochemical properties of the 
final product: shape, size, surface functionality, crystallin-
ity, and particle coating [6–8]. As an example, Cignoli et al. 
[9] showed via X-ray diffraction (XRD) that TiO2 crystal 
phase changes from anatase to rutile along the height of a 
premixed lean methane–air flame doped with TTIP (titanium 
tetraisopropoxide, Ti(OC3H7)4 ) precursor.

Therefore, there is a crucial need to understand the 
detailed physical and chemical processes involved in non-
carbonaceous nanoparticles formation in flames to control 
the final product characteristics. Specifically, experimental 
databases with accurate measurements of volume fraction 
( fv ), size distribution, and local flame conditions in steady 
laminar flames are demanded to understand and characterize 
the particle formation processes: inception, growth, agglom-
eration, and phase changing of TiO2 nanoparticles along the 
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flame. Such databases are also required to develop and eval-
uate the performances of CFD models for non-carbonaceous 
nanoparticles production in flame synthesis.

Classically, ex situ and online diagnostics are used for 
characterizing the produced particles. For example, trans-
mission electron microscopy (TEM) [10] provides primary 
particle size and morphology of sampling, and an online 
scanning mobility particle sizer (SMPS) can be used to 
measure the mobility diameter. The particle size obtained 
with ex situ or online methods may differ from those found 
in actual flame conditions, since the sampling method 
including extraction, deposition and/or filtration may lead 
to losses and coagulation [11, 12].

Alternatively, in situ optical techniques can be used for 
describing the evolution of the particle properties along the 
flame because of their absent or weak intrusive nature. In 
this sense, laser diagnostics techniques are well adapted to 
this purpose. Several laser techniques have been used to 
characterize various nanoparticle properties based on the 
laser-induced emission of TiO2 . Three techniques are mainly 
considered in the literature for solid phase description: laser-
induced fluorescence (LIF), phase-selective laser-induced 
breakdown spectroscopy (PS-LIBS), and laser-induced 
incandescence (LII).

Laser-induced fluorescence, often referred to as photo-
luminescence (PL), generally uses a laser of few mW (in 
case of commercial spectrophotometer) to excite electrons 
to an excited state and relax to the ground state through 
various processes with a typical lifetime from ps to tens of 
ns [13]. TiO2 LIF spectra excited by using UV laser pre-
sents a wide range of band emissions [14], since it strongly 
depends not only on particle intrinsic properties (size [15], 
morphology [16], crystal state [17], and chemical or thermal 
surface treatment [18]), but also on LIF operation condi-
tions (excitation laser wavelength [19], chemical environ-
ment [19], and temperature [20, 21]). For example, even 
for an identical TiO2 atomic structure, the LIF spectra show 
different shapes in the visible range due to different surface 
geometry and relaxation processes of photo-generated car-
riers at the surface [19]. To obtain in situ measurements, the 
LIF emission should be quantitatively measured along the 
flame. Nevertheless, due to its complex nature and strong 
dependence on environment and particle characteristics, the 
interpretation of the signal is challenging without a prior 
and robust description of TiO2 LIF emission mechanisms.

Phase-selective laser-induced breakdown spectroscopy 
(PS-LIBS) uses laser fluence in between the breakdown 
thresholds of gas and particle phases. Using PS-LIBS, 
information can be obtained on gas-to-particle conversion 
[22], volume fraction measurement [23, 24], and band gap 
variation in mixed crystal structures [25]. Therefore, PS-
LIBS could be a promising in situ technique to investigate 
TiO2 formation in flame. However, its application requires 

a relatively high laser fluence level from ∼ 1 to 60 J/cm2 
[26–28], typically at 355 nm and 532 nm, which may make 
PS-LIBS intrusive.

Laser-induced incandescence uses a pulsed laser to 
heat the particles. The particles absorb the laser radiation 
and reach a high temperature. The heated particles emit 
thermal radiation, i.e., incandescent signal, during their 
cooling by conduction, convection, and vaporization. The 
incandescent signal contains information on volume frac-
tion and primary particle size [29, 30]. This technique, 
initially developed for measuring the volume fraction and 
size of soot particles in flames [31], has attracted attention 
in the application to non-soot nanoparticle flame synthesis 
such as various metals (Fe [32], Si [33], Mo [34]), oxides 
(SiO2[35], Al2O3 [36], Fe2O3 [37]), and complex carbon-
coated materials [8, 38, 39].

Regarding TiO2 nanoparticles, pioneering works on 
flame-synthesized particles can be found in literature [8, 9, 
40–42]. However, when TiO2 nanoparticles are produced 
via flame synthesis, the carbon content of the precursors 
and of the fuel used in the pilot flame may lead to the gen-
eration of soot [43] or carbon-coated TiO2 nanoparticles 
[8, 43]. This solid carbon content can significantly change 
the LII signal with distinct optical properties [44]. Thus, 
to our knowledge, the feasibility of the LII technique for 
high-purity TiO2 nanoparticles, i.e., without carbon pres-
ence, has not been deeply explored.

In this framework, the scope of this work is to char-
acterize the laser-induced emission of high-purity TiO2 
nanoparticles to demonstrate the feasibility of the LII 
technique when considering TiO2 without carbon content.

The main challenge for the application of LII on flame 
synthesis TiO2 (but also other flame-synthesized parti-
cles) compared to carbonaceous nanoparticles is related 
to the specific optical properties of TiO2 . Performing LII 
on TiO2 supposes that the particles absorb laser radiation. 
The absorption function E(m

�
) translates this ability [45]. 

E(m
�
) is a function of the refractive index (m) at a wave-

length ( � ). Figure 1 displays the absorption function E(m
�
) 

of carbonaceous particles (e.g., soot) [46–49] and TiO2 
from various sources of literature [50–54]. It should be 
noticed that E(m

�
) values for TiO2 are illustrated using a 

log-scale. The E(m
�
) of TiO2 as a function of wavelength 

exhibits inconsistencies across various studies. All meas-
urements are remarkably small, a few orders of magni-
tude smaller than carbonaceous particles. TiO2 has a better 
absorption in the UV part, which decreases significantly 
on the visible range except for De Iuliis et al. [54] with a 
nearly constant E(m

�
) in the UV–visible range.

The E(m
�
) tendency of TiO2 highlights two main issues. 

First, it is recommended to heat TiO2 particles using a 
UV laser to improve heat-up efficiency [12], which is not 
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recommended in flame since it may lead to interferences 
due to gaseous species fluorescence in LII measurement 
[56]. Second, since E(m

�
) values for TiO2 are quite small 

compared to those of soot, the potential laser incandes-
cence signal emitted in the visible range for an equivalent 
volume fraction of TiO2 particles will be weaker by few 
orders of magnitude than soot particles.

De Iuliis et al. [42] conducted LII on in situ flame-syn-
thesized TiO2 using a 1064 nm laser despite the quasi-null 
absorption function at this wavelength [57]. Two hypoth-
eses might explain the detection of the LII signal on TiO2 
under IR excitation. First, the reported flame temperatures 
via pyrometry (2800–3000 K [42, 54]) are much higher than 
the typical TiO2 melting point (about 2100 K [58]). There-
fore, the nanoparticles in the flame could be in a liquid state 
so that they could absorb the IR laser radiation. In such a 
case, the physical properties for interpretation of the LII 
signal should be well adjusted in liquid phase materials. To 

illustrate this, Fig. 2 shows the ratio of liquid and solid phase 
E(m

�
) as a function of the wavelength for several metal par-

ticles and Al2O3 . Ni, Au, Cu, Al, and Fe have spectrally dif-
ferent absorption functions when they are in a liquid state, 
fluctuating close to 1. Ag, Si, and Al2O3 have a much higher 
absorption function in a liquid state.

Thus, the in situ LII under IR excitation on flame-gener-
ated TiO2 nanoparticles in [42] might be explained if they 
were in a liquid state, which may substantially increase their 
absorption function. Unfortunately, to the author’s knowl-
edge, information on the optical property of molten TiO2 
is not available in the literature to confirm this hypothesis.

The second hypothesis is that these flame-generated 
nanoparticles are not pure TiO2 nanoparticles. The prompt 
LII spectra obtained from TiO2 nanoparticle flame spray 
synthesis using a 1064 nm laser in [42] at moderate (F 
= 0.275 J/cm2 ) and high (F = 0.562 J/cm2 ) fluences are 
recalled in Fig. 3. Induced bands’ emission of C 2 swan and 
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Fig. 1   Absorption function E(m
�
) of a carbonaceous particle [46, 49, 55] and b TiO

2
 nanoparticles (in log-scale) [51–54]
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Fig. 3   Laser-induced light emission under different laser fluences 
at HAB = 2  cm in flame spray synthesis of TiO

2
 nanoparticles at 

prompt detection timing obtained in [42]. C 
2
 and C 

3
 bands from [61] 

are indicated in blue and red, respectively
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C 3 swings [61] can be recognized. The swan and swing 
band emissions at high fluence are characteristic of solid 
carbon contents in the form of soot particles or carbon-
coated TiO2 . Specifically, Ren et al. [8] showed using PS-
LIBS that an increase in C 2 emission indicates an increase 
of carbon components in the produced carbon-coated TiO2 
nanoparticles.

The above short review of the LII technique application 
on flame-synthesized TiO2 nanoparticles highlights the 
importance of working with high-purity TiO2 nanoparticles. 
Additionally, when performing ex situ LII measurements 
using UV radiation on flame-synthesized TiO2 nanopar-
ticles, De Iuliis et al. [54] showed that the nature of the 
laser-induced emission (LIE) has to be carefully analyzed, 
since parasitic signals were observed in the prompt emission 
spectra in both low and high fluence regimes. These addi-
tional signals were not extensively characterized without the 
matrix effect of sampling filter [54].

An extensive characterization of the LIE at prompt and 
delayed acquisition of high-purity TiO2 nanoparticles in a 
well-controlled environment is the core of the present study. 
For this, an aerosol made of commercial high-purity TiO2 
nanoparticles produced via sol–gel process is transported by 
a nitrogen flow in an optical cell at room temperature. This 
permits avoiding the risk of (1) melting caused by the local 
environment, ensuring a solid state prior to laser interac-
tion, (2) interferences from carbon-related species during the 
measurements, and (3) parasitic signal from gaseous species 
characterizing flame environment. The effect of laser fluence 
and delay time with respect to the signal peak is investigated 
and compared to well-known carbon black nanoparticle LIE 
acquired in the same condition. For different laser excita-
tion and signal detection schemes, various explanations are 
explored to interpret the LIE of TiO2 nanoparticles by com-
bining information from spectra and temporal evolution of 
the signals. The feasibility of LII on pure TiO2 aerosol in a 
cold environment is then demonstrated. This study is organ-
ized as follows. First, the scientific strategy to investigate the 
nature of LIE is presented in Sect. 2. Then, the experimental 
setup is described in Sect. 3. Finally, the experimental results 
are discussed in Sect. 4. To complete this study, the same 
strategy has also been applied to flame-synthesized TiO2 
in a coflow H 2/AR flame. These results are reported in the 
Supplementary material.

2 � Scientific strategy to analyze LIE

Three different types of laser-induced emissions (LIEs) from 
TiO2 nanoparticles are considered here: laser-induced fluo-
rescence, phase-selective laser-induced breakdown spectros-
copy, and laser-induced incandescence.

In conventional LIBS, the plasma mainly emits a continu-
ous spectrum from Bremsstrahlung emission and the recom-
bination radiation at the tens to hundreds of nanoseconds. 
Upon cooling of the plasma, the relative peak intensity of 
ion/atom line emissions increases significantly. The behavior 
of the plasma and the quantitative nature of the emitted tem-
poral evolution can substantially vary (up to ms) depending 
on the materials and experimental conditions, including the 
gas temperature and excitation wavelengths. On the other 
hand, the lifetime of PS-LIBS is reported to be shorter (a 
few tens of nanoseconds) than those of conventional LIBS 
due to the absence of gaseous plasma (See Table 1). In this 
study, no conventional LIBS is expected to occur, since the 
fluence regime used in this work is always lower than the 
air breakdown threshold ( ∼ 100 J/cm2 at 355 nm [62]). As a 
confirmation, no visible spark was observed.

The three considered LIEs can simultaneously occur dur-
ing the laser excitation as illustrated in Fig. 4, which displays 
the schematic of the fluence range of LIE with their cor-
responding emission duration and the corresponding parti-
cle phase (solid, liquid, and gas). The various LIEs of TiO2 
nanoparticles have different characteristic times and occur 
under different fluence regimes as summarized in Table 1. 
Thus, by examining the time and laser fluence dependence of 
the spectral emissions from TiO2 , the nature of the detected 
signal can be characterized.

First, the general spectral characteristics of LII will be 
presented in Sect. 4.1 to clarify the retained strategy. Then, 
prompt LIE will be deeply investigated in Sect. 4.1.1. Specif-
ically, TiO2 LIF is expected to be the only emission observed 
at low laser fluence regimes, where neither LII nor PS-LIBS 
is expected, as indicated in Fig. 4. Then, by increasing the 
laser fluence, the TiO2 particle temperature is expected to 
rise, and different spectral features of TiO2 fluorescence 
could be induced [20]. From moderate to high laser fluence 

Fig. 4   Schematic presentation of the particle phase information 
related to the temperature (top) and to the LIE characteristic emission 
duration (bottom) as a function of the typical fluence range of differ-
ent LIE signals
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regimes, the LIF, PS-LIBS, and LII of the TiO2 nanoparti-
cles could occur simultaneously with different intensities 
which makes analyzing the signal very challenging. Finally, 
a delay on the signal detection is introduced in Sect. 4.1.2, 
so that LIF and PS-LIBS emission signals, classically last-
ing for the excitation laser duration (FWHM 5 ns in this 
study), are not expected to be found. Thus, under different 
laser fluence regimes, the time-resolved behavior of delayed 
TiO2 emission spectra is investigated using LII theory to 
demonstrate its LII nature. These aspects will be reviewed 
using a temporal description in Sect. 4.2. All TiO2 measure-
ments are compared with those of carbon black particles as a 
representative LII behavior under laser irradiation.

2.1 � LII theory

The evolution of the LII signal emitted at wavelength �em by 
a heated spherical particle with diameter dp at temperature 
Tp(t) during its cooling is expressed by:

with E(m
�em

 ) the absorption function of particle at �em , h the 
Planck’s constant, c the light speed, and kB the Boltzmann’s 
constant. To confirm the LII nature of LIE, theoretical evo-
lution of the signal is examined using the following three 
points:

•	 The spectral emission as a function of temperature has to 
be verified. The peak location of the spectrum is expected 
to move toward longer wavelengths (red-shifted) with 
decreasing temperature or toward shorter wavelengths 
(blue-shifted) with increasing temperature, i.e., the 
spectrum has to follow Wien’s displacement law. This 
thermal shift is valid only if E(m

�em
) is invariant with 

particle temperature. Therefore, if the particles undergo 
a physical phase change from liquid to solid during their 

(1)
SLII(�em, dp(t)) =

4�2d3
p
E(m

�em
)

�em

2h�c2

�5
em

[

exp

(

hc

�emkBTp(t)

)

− 1

]−1

,

cooling, this assertion becomes questionable since the 
particle phase change may include a variation of the 
absorption function as illustrated in Fig. 2. The spectral 
analysis will be presented in Sect. 4.1.

•	 The temporal decay characteristic time under different 
detection wavelengths will be employed to distinguish 
temporally incandescence signals from other emissions 
in Sect. 4.2. More precisely, LII signal SLII(�em, Tp(t)) is 
a function of emission wavelength �em (Eq. 1). If dp(t) 
and E(m

�em
) are assumed to be constant1 during the LII 

decay, by putting a natural log on both sides of Eq. (1), 
it can be obtained that: 

 with C = 8�3d3
p
hc2E(m

�em
)�−6

em
 . Considering C to be con-

stant during the time range [ ti , tj ], a decay characteristic 
time � can then be defined as: 

 Since hc

𝜆emkBTp(t)
>> 1 , Wien’s approximation can be 

applied: 

 so that: 

(2)

ln(SLII(�em, Tp(t))) = lnC − ln

(

exp

(

hc

�emkBTp(t)

)

− 1

)

,

(3)

� =
ti − tj

ln(SLII(ti)) − ln(SLII(tj))

=
ti − tj

ln
(

exp
(

hc

�emkBTp(tj)

)

− 1
)

− ln
(

exp
(

hc

�emkBTp(ti)

)

− 1
) .

exp

(

hc

�emkBTp(ti)

)

− 1 ≈ exp

(

hc

�emkBTp(ti)

)

,

(4)� =
kB�em

hc
(ti − tj)

(

1

Tp(tj)
−

1

Tp(ti)

)−1

.

Table 1   Characteristics of the laser-induced emissions of TiO
2
 nanoparticles in terms of operating fluence range and characteristics time (at 1 

atm)

Laser �
ex

LIF PS-LIBS LIBS LII

UV Continuous wave ( ∼ mW) 0.4–32 J/cm2 at 355 nm [63] – 0.0007-−0.05 J/cm2 (filter) 0.08-−
0.15 J/cm2 (flame) at 266 nm 
[54]

532 nm – 1.6–56 J/cm2 [25, 63, 64] – –
1064 nm – 10–45 J/cm2 [64] 24–75 J/cm2 [65, 66] 0.01-−0.56 J/cm2 [42]
Characteristic time ps to 10 ns [13] 10 ns [27] 300 ns–ms [67] 10

2–103 ns

1  Assuming d
p
(t) to be constant means that sublimation is negligible 

during the duration of the LII process.
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 It can be noted that the decay characteristic time � is lin-
early proportional to the emission wavelength �em . This 
relationship is valid only for LII, meaning that if it is 
verified, interference signals like fluorescence or atomic 
emission are not present. It is worth mentioning that � 
depends on the evolution of the particle temperature. 
Therefore, assuming that all particles attain the same 
temperature for a given fluence and a gas temperature, 
the decay characteristic time will be inversely propor-
tional to the particle diameter.

•	 From Eq. (2), it is possible to derive that the quantity: 

 is not dependent on the detection emission. Thus, if the 
measured emission is an LII signal, the following relation 
has to be verified: 

 In Sect. 4.2, the temporal estimation of ΔT−1(t) will be 
calculated from PMT signals at two different �em . If iden-
tical, the LII nature of the signal at �em will be confirmed 
at least for the two considered wavelengths.

In the following, carbon black will serve as a reference 
case for typical LII behavior and compared to the TiO2 LIE 
induced in similar operating conditions.

3 � Experimental setup

The experimental setup considered in this work is consti-
tuted of three parts, as illustrated in Fig. 5: particle disper-
sion, laser setting, and signal detection.

3.1 � Particle dispersion

A nanoparticle-laden aerosol is prepared with commercial 
particles of carbon black (nanografi, NG04EO0709, dp = 20 
nm, spherical) or TiO2 (nanografi, Rutile (NG04SO3507), 
dp = 28 nm, purity 99.995+%, produced by the sol–gel 
method). Nanoparticles are transported in a non-reactive 
environment thanks to N2 flow (16.67 slm, 9.8 m/s) in a 
first flask (1 L) placed inside an ultrasonic water bath. The 
nanoparticle-laden gas stream passes through another buffer 
flask (1 L) to get a homogeneous distribution. Then, the 

(5)

ΔT−1(t) =
1

Tp(t0)
−

1

Tp(t)
= ln

[

SLII(�em, Tp(t))

SLII(�em, Tp(t0))

]

(

hc

�emkB

)−1

(6)

ln

[

SLII(�em,i, Tp(t))

SLII(�em,i, Tp(t0))

](

hc

�em,ikB

)−1

= ln

[

SLII(�em,j, Tp(t))

SLII(�em,j, Tp(t0))

](

hc

�em,jkB

)−1

,∀�em,i, �em,j.

nanoparticles are dispersed in an optical cell, presenting 
two 1-inch opposite windows (UVFS, Thorlabs WG41010) 
for the laser path and a 2-inch window (UVFS, Thorlabs 
WG42012) for the detection system. Particles are evacuated 
by the top hood equipped with a HEPA filter.

Since the dispersion rate of the particles is decreasing 
over time, the particles inside the first flask are reloaded 
after each series of measurements with mg = 200 mg of parti-
cles, allowing repeatable experimental conditions. This also 
means that only normalized signals will be considered in 
the following.

When changing the particle’s nature (TiO2 or carbon 
black), to prevent any intervention of particles from previ-
ous measurements, all the equipment components in contact 
with particles are entirely changed.

3.2 � Laser setting

An Nd:YAG laser beam (Quantel, Q-smart 850) with a rep-
etition rate of 10 Hz and pulse duration of 5 ns (FWHM) is 
used for the LII measurement. Operation wavelength was 
tested for three different harmonics—fundamental (1064 
nm), second (532 nm), and third (355 nm)—on both car-
bon black and TiO2 by adding harmonic generation modules 
to the laser head. The laser fluence is controlled using an 
attenuator consisting of a half-wave plate and two polarizers.

The beam presents a nearly top-hat energy distribution of 
0.88 × 0.91 mm2 , which is monitored with a beam profiler 
(Gentec Beamage). It is represented in the bottom right in 
Fig. 5 and also as a histogram in Fig. 6. The nearly top-hat 
shape laser is then 1:1 relay imaged at the centerline of the 
optical cell.
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3.3 � Signal detection

The signal detection consists of a telescope comprising two 
achromatic lenses ( f1 = 10 cm and f2 = 20 cm). A magnifica-
tion factor of 2 is used to collect the induced signal at 90◦ of 
the laser beam direction. Two notch filters (355 and 532 nm) 
were used to suppress the laser harmonic signal. For this rea-
son, the emission spectra between 525 nm and 540 nm were 
excluded from all the results. This collector is connected to 
the spectrometer entrance (Princeton Instruments, HRS-500, 
grating groove density of 150 groove/mm) through a multi-
mode optical fiber (Thorlabs, FG365UEC) with a core diam-
eter of 365 μ m. The probe volume is 0.58 mm3 . One exit 
of the spectrometer is connected to an intensified charge-
coupled device camera (ICCD, Princeton Instruments, PI-
MAX 4 1024EMB) to measure the spectral emission of LII 
with a gate width of 20 ns. The temporal behavior of laser-
induced emission spectra is measured by considering differ-
ent acquisition gate delay times ( �d = 0–500 ns with respect 
to the signal peak). The detection system is calibrated using 
a tungsten filament lamp for signal intensity and a mercury 
lamp for wavelength. The acquisition parameters are adapted 
to ensure the best signal-to-noise (S/N) ratio and to prevent 
saturation of the device. The intensity level is then rescaled 
to be treated on the same intensity scale. The spectra dis-
played in this work are averaged over 5000 single shots.

The time-resolved laser-induced emission was measured 
using a visible photomultiplier (PMT, HAMAMATSU, 
R2257), which is connected to the second exit slit of the 
spectrometer. Signals at four different wavelengths ( �em = 
450, 570, 640, and 710 nm for carbon black, and �em = 450, 
550, 650, and 710 nm for TiO2 ) with detection bandwidth 
of FHWM 20 nm were measured. The choice of detection 
wavelengths was considered to cover the visible range of the 
spectrum to represent the temporal evolution of LIE signals 
for overall wavelengths. However, to avoid interferences at 
the prompt stage as much as possible and to capture the LII 

behavior, the choice of wavelengths between carbon black 
and TiO2 was slightly different (570 nm and 640 nm for 
carbon black; 550 nm and 650 nm for TiO2 ). The acquired 
PMT signals were recorded at 10 Hz using an oscilloscope 
(Lecroy wave surfer 434, 350 MHz bandwidth, 2 GS/s sam-
pling rate). As the particle dispersion rate decreases, the 
signal intensity also decreases, and so does the S/N ratio. 
To overcome this issue, only the PMT signals with the same 
order of S/N are kept, then normalized by their maximum 
intensity, and averaged over 6000 single shots.

Even though the absolute intensity would provide signifi-
cant additional insight, due to the nature of the particle dis-
persion system, the measurement of absolute intensity can-
not be guaranteed in the current system, since the amount of 
materials in the optical cell decreases with time. This means 
that during the acquisition performed over 2–3 min, the 
emission level decreases. Nevertheless, it has been verified 
that the normalized spectral and temporal behavior yielded 
the same stable results. Therefore, all the data are presented 
in a normalized form by their own maximum or values at 
specific wavelengths that will be provided in the following.

4 � Results and discussion

The first step of this work consisted of testing three laser 
wavelengths (1064 nm, 532 nm, and 355 nm) to induce LIE 
of pure TiO2 and to compare the results to those obtained 
for carbon black in similar conditions (Table 2). For carbon 
black, laser-induced emission was detected for all excitation 
wavelengths. On the contrary, for pure TiO2 it was not pos-
sible to detect a signal with the considered detection system 
when working at 532 nm and 1064 nm. This is likely to be 
due to the fact that the absorption function E(m

�em
) of pure 

TiO2 above the UV range is much lower than that of carbo-
naceous particles as shown in Fig. 1. Therefore, only the 355 
nm laser wavelength is used in the following to study the LIE 
of pure TiO2 and carbon black particles.

First, LIE is characterized with a spectral analysis 
in Sect. 4.1. Prompt and delayed spectra are detailed in 
Sects. 4.1.1 and 4.1.2, respectively. In Sect. 4.2, the tem-
poral evolution of the LIE signals obtained using PMT is 
analyzed to confirm and complete the conclusions drawn 
from the spectral analyses.
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Fig. 6   Histogram of laser fluence across the laser beam detected by 
the beam profiler

Table 2   Detectable LIE signals with our detection system for differ-
ent laser wavelengths for carbon black and pure TiO

2
 nanoparticles

Wavelengths 1064 nm 532 nm 355 nm

Carbon black YES YES YES
TiO

2
NO NO YES
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4.1 � Spectral analysis

Fig. 7 shows the spectra under different laser fluences in 
prompt measurements. The equivalent temperature Teq 
is obtained for carbon black by fitting the spectrum into 
Planck’s law (Eq. 1) while considering E(m

�em
) constant. 

The obtained Teq value is reported in the legend of Fig. 7a.
A large variation of the spectral form of absorption func-

tion in the visible range has been discussed in Fig. 1 for 
TiO2 . Based on this, it would be unreliable to apply the fit-
ting to extract the temperature information for TiO2 from 
spectra of Fig. 7b.

Concerning carbon black, a laser fluence of F = 0.03 J/
cm2 is the minimum fluence to obtain an LII signal with a 
high enough S/N to be detected with our detection system. 
Still, the S/N is not high enough to allow accurate signal 
characterization. The case of F = 0.03 J/cm2 will then not 
be considered further in the following. For all the considered 
fluences, the LIE signals exhibit continuous spectra in the 
visible wavelength range with low intensity for the shortest 
wavelengths. When increasing the laser fluence, the curve 
moves toward shorter wavelengths. This blue shift indicates 
that particle temperatures increased, as confirmed by the Teq 
value. This trend follows Wien’s displacement law, confirm-
ing the expected LII nature of the LIE signals for carbon 
black particles. By looking at the values of Teq , it is found 
that the temperature increases with fluence for F < 0.12 J/
cm2 , whereas it does not considerably change between 0.12 
and 0.23 J/cm2 while approaching the particle sublimation 
temperature.

Additionally, for the highest fluence (F = 0.23 J/cm2 ), 
C 2 LIF signals (at approximately 468 nm and 516 nm) 

and some C 3 bands (at approximately 437 nm) are clearly 
noticed. This indicates the presence of sublimation of soot 
particles. All these results are coherent with the literature 
[68–70]. Especially when considering LII of soot particles 
produced in a premixed methane/air flame with a 355 nm 
laser, a laser fluence level of approximately 0.07 J/cm2 is 
enough to reach the "plateau" region, i.e., the maximum 
temperature that soot particles attain when subjected to 
laser excitation [68]. In the present case, it might be pos-
sible that sublimation occurs for fluence values as small 
as F = 0.06 J/cm2 , but its effect on particle diameter is 
expected to be negligible since neither C 2 nor C 3 bands 
are observed.

The prompt emission spectra of pure TiO2 particles 
show, on the contrary, a clearly different tendency as a 
function of laser fluence. At low fluence (F = 0.06 J/cm2 ), 
a relatively narrow continuous spectrum centered at 470 
nm is observed. This signal does not seem to correspond 
to LII emission that is expected to cover the whole visible 
range. For F = 0.1 J/cm2 , the spectrum covers a wider 
region, reaching the longest wavelengths (550–700 nm). 
As the laser fluence additionally increases (F = 0.19 and 
0.24 J/cm2 ), the emissions present a broadband continu-
ous spectrum in the visible range with some sharp fea-
tures. Compared to the broadband emission, these peaks 
are less significant at F = 0.24 J/cm2 than at F = 0.19 J/
cm2 . This possibly indicates that the relative contribution 
of the broadband spectrum to the total emission is likely 
to increase with laser fluence. As the interpretation of the 
prompt LIE of pure TiO2 particles is not straightforward, 
a deep characterization in terms of LIF, PS-LIBS, and LII 
emissions is detailed in the next section.
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4.1.1 � Characterization of prompt LIE from TiO
2

In the previous section, it has been observed that the behav-
ior of prompt spectra emitted by carbon black is in agree-
ment with the literature trends [71]. On the contrary, LIE 
from high-purity TiO2 still needs to be characterized. In this 
section, the nature of the prompt LIE from TiO2 is discussed 
as a function of the laser fluence.

As seen previously, in the low laser fluence regime, TiO2 
nanoparticles present a narrow emission centered at 470 nm. 
At low fluence, PS-LIBS is not expected, and LII is usually 
a signal covering the whole visible spectrum. Therefore, the 
emission observed at low laser fluences is most likely to be 
LIF. To confirm such conclusion, the TiO2 spectra emission 

for a low laser fluence (F = 0.06 J/cm2 ) is shown in Fig. 8. 
The spectrum obtained here for TiO2 rutile nanoparticles is 
quite similar to LIF emission spectra found in the literature 
even for different crystal phases [72, 73]. As an example, 
spectra in low laser fluence regimes from Paul et al. [72] for 
anatase nanorods and Santara et al. [73] for TiO2(B) nanor-
ibbons are added to Fig. 8 in green and in red, respectively. 
Each curve can be interpreted as the sum of the Gaussian 
fit sub-band emissions illustrated with thin dashed/dotted 
lines in Fig. 8. These observations allow us to assert that the 
prompt LIE of pure TiO2 is dominated by its fluorescence in 
the low fluence laser regime excited at 355 nm.

When increasing the laser fluence (F = 0.10 J/cm2 ), a 
wider spectrum (Fig. 7b) is emitted. A longer wavelength 
part appears in LIE spectrum for higher fluence F = 0.1 J/
cm2 . This would be in contradiction with LIF behaviors as 
in [74] if the signal was only originated by LIF. This seems 
to indicate the presence of a second signal in addition to 
LIF, whose contribution to the total LIE is evident at long 
wavelengths where the LIF signal is less significant.

At higher fluences (F ≥ 0.19 J/cm2 ), the nature of multi-
ple emissions can be investigated by looking at the prompt 
emission spectra of TiO2 nanoparticles for F = 0.19 J/cm2 in 
Fig. 9. A broadband emission in the visible range is observed 
together with the presence of pronounced peak emissions, 
whose origins are unknown. The nature of peak emissions 
is first analyzed. One might think it could correspond to 
the atomic emission from laser breakdown of TiO2 (LIBS). 
However, the energy level is still lower than the typical LIBS 
[65]. Therefore, two possibilities can be considered to inter-
pret these signals: LIF and/or PS-LIBS emissions.

To consider the first option, deconvoluted Gaussian 
band emissions from various literature works are illustrated 
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together with the emission spectra of TiO2 in Fig. 9a. Only 
the center of each Gaussian band with the standard deviation 
± � range is shown for a clear view. The sub-bands from the 
literature cover almost all the distinct feature ranges of the 
spectrum. Therefore, the LIE can be the result of these dif-
ferent LIF contributions. As the laser fluence increases, it is 
possible for the positions of the sub-band peaks to remain 
unchanged while becoming progressively sharper, eventu-
ally achieving a line distribution [75]. This could be the first 
route to explain the edged features of the emission spectra 
of TiO2 for high laser fluences.

Alternatively, it is possible to consider the distinct fea-
tures as atomic emissions of PS-LIBS. Even though the laser 
fluence is relatively lower than the minimum PS-LIBS range 
in the literature (0.4 J/cm2 at 355 nm in [63]), single-photon 
absorption may cause atomic emission following the mecha-
nism proposed by [64] for PS-LIBS of flame-synthesized 
TiO2 . To consider this case, Ti and O atomic emissions from 
NIST are overlapped in blue and in red, respectively, to the 
emission spectrum of TiO2 in Fig. 9b. The peak locations 
match fairly well with Ti and O atomic emissions.

The current results suggest that in a high laser fluence 
regime, prompt LIF and/or PS-LIBS of pure TiO2 occurs. 
These emissions are expected to occur over a short period 
of time (Fig. 4). On the contrary, the broadband emission 
covers the whole visible spectrum, as expected for the LII 
signal. To confirm the LII nature of the broadband emis-
sion, laser-induced emissions at delayed acquisition time are 
investigated in the following section since LII is known to 
be a long-lasting signal.

4.1.2 � LII nature of delayed LIE from TiO
2

As discussed previously, LIF and/or PS-LIBS signals of 
pure TiO2 nanoparticles are observed at the prompt emis-
sion. Since LIF and PS-LIBS signals have a short charac-
teristic decay time, it is possible to investigate the nature of 
the broadband contribution by looking at the delayed LIE 
of TiO2 . The trend as a function of gate delay and emission 
wavelength is here compared with the theoretical behavior 
for LII, which is described in Sect. 2.1 and with reference 
results from carbon black to prove its LII-like nature.

First, Fig. 10 shows the laser-induced emission spectra of 
carbon black and pure rutile TiO2 particles at three fluence 
levels, at various acquisition delays (over 20 ns) from the 
prompt timing, i.e., the signal peak. For all laser fluences, 
the emission spectra of carbon black show a red shift when 
increasing the time delay. This indicates that the temperature 
decreases in agreement with LII theory as confirmed by the 
calculated equivalent temperatures reported in the legend.

Regarding TiO2 nanoparticles, for the lowest fluence (F = 
0.06 J/cm2 ), the signal-to-noise ratio is not sufficiently high 

to obtain an exploitable spectrum for an acquisition delay 
as small as 20 ns. When looking at a higher laser fluence 
(F = 0.1 J/cm2 ), a continuous broadband emission, which 
is typical for LII signal, is measured with a low S/N ratio. 
This suggests that at this fluence, the incandescence signal 
starts to contribute to the whole spectrum in addition to the 
fluorescent emissions detected at prompt timing (Fig. 7b). At 
20 ns, one might assume that there are still components from 
non-LII contributions. The spectrometer should therefore 
detect a mixture of non-LII and LII components of signals. 
In reality, only the LII broadband emission can be recog-
nized when looking at the spectrum in Fig. 10. Two reasons 
have been identified to explain this: 1) the LII-like nature of 
signals are more predominant than non-LII contributions for 
the considered conditions, and/or 2) the spectrometer used 
in this study is not accurate enough to successfully separate 
non-LII and LII components in those spectra.

To summarize, below 0.06 J/cm2 , the dominant laser-
induced emission (LIE) of TiO2 is LIF as shown in Fig. 8 
(similar literature can be found in [78] and [79] as well). At 
0.1 J/cm2 and above, two different types of signals can be 
observed: one from LIF centered at 470 nm over the UV 
wavelengths, and another at longer wavelength that corre-
sponds to the onset of LII. The threshold for the appearance 
of LII is more than half of the evaporation fluence of 0.19 J/
cm2 . This behavior is not surprising for LII, as its intensity 
is strongly non-linear with fluence. The gap between the 
appearance fluence and the evaporation fluence can vary, 
depending on the excitation wavelength and the nature of the 
particles. This feature is well known for soot, as illustrated 
in the case reported by Goulay et al. [80]. For soot particles, 
a factor of around 4 is observed between the appearance 
fluence and the evaporation fluence in the case of 1064 nm, 
and a factor of around 2 is found in the case of 532 nm [80].

For the highest laser fluence (F = 0.24 J/cm2 ), the spec-
trum exhibits incandescence trends as a function of the 
acquisition delay: the spectrum shifts toward longer wave-
lengths with time delay. This indicates that temperature 
decreases during the signal decay due to the cooling of the 
particles, confirming the black body-like tendency for pure 
TiO2 . As already discussed for F = 0.1 J/cm2 at 20 ns and 40 
ns, a certain contribution from the emission of LIF or PS-
LIBS might exist. Nevertheless, the overall delayed spectra 
consistently exhibit a red shift as the particle cools. A very 
similar trend is observed for F = 0.19 J/cm2 (not shown).

4.1.3 � Discussion

The nature of LIE depends strongly on the light–particle 
interaction, providing indications on the state of the parti-
cles. In low fluence regime, laser light can excite the elec-
tronic state of particles, leading to the fluorescence without 
any modification of the particle state, i.e., solid particles are 
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expected. By increasing the fluence, particles can be ther-
mally heated resulting in the emission of incandescence 
signals. If the temperature of the particles is higher than the 
melting point but lower than the boiling point, particles may 
exist in a liquid state. As discussed in Fig. 2, a higher or 
lower E(m

�
) value can be observed when particles are in a 

liquid state. If the E(m
�
) value is higher in the liquid state 

than in the solid state, LII measurements can be more easily 

performed in the intermediate fluences if particles reach the 
melting temperature. At even higher fluence regime, parti-
cles may reach the vaporization temperature so that PS-LIBS 
emission can be facilitated and observed. By looking at the 
results in Fig. 7b, it is then possible to deduce some indica-
tions on the particle state. On one hand, carbon black nano-
particles are characterized by high E(m

�
) values when in 

solid state and very high melting and boiling points 
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Fig. 10   Effect of gate delay (gate width = 20 ns) on emission spectra 
of laser-induced emissions of a, c, e carbon black nanoparticles and 
b, d, f rutile TiO

2
 nanoparticles. The temperature given inside the 

legend for carbon black particles is obtained from spectrum fitting. 
Spectra are normalized with the value of the spectrum at 650 nm
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( Tcarbon black
meting

 = 3823 K [81] and Tcarbon black
boiling

 = 4473 K [81], 
respectively) and it is classically assumed a solid to gas con-
version. As a result, LII signal is observed at the lowest 
fluence considered and a smooth transition is observed until 
vaporization of carbon atoms is observed for the highest 
fluence.

On the other hand, TiO2 nanoparticles have low E(m
�
) 

values when they are in the solid state and lower melting and 
boiling temperature ( TTiO2

meting
 ∼ 2100K [58] and TTiO2

boiling
 = 

2773–3273 K [82], respectively). It seems then that these 
particles can hardly be heated, so only LIF is observed at low 
fluences. For higher fluences, it is possible that particles are 
initially converted to a liquid state during the heating pro-
cess. Consequently, E(m

�
) increases, which subsequently 

enhances the particle heating up to their vaporization. As a 
result, no smooth transition is observed for LIE signals on 
TiO2 particles. For small fluences, particles cannot be suf-
ficiently heated due to their low E(m

�
) . For high fluence 

regimes, it seems that particles have changed their state, 
increasing their E(m

�
) value and, consequently, enhancing 

the particle heating process.
In the following section, the temporal behavior is investi-

gated to confirm the conclusions on the nature of LIE.

4.2 � Temporal analysis

Before analyzing the temporal evolution of LIE, it is 
important to remind that the temporal profile is closely 
related to the primary particle size [30]. In this study, par-
ticles of the same size are expected to be distributed into 
the optical cell during the measurement, whereas a poly-
disperse population is generally found in flame synthesis. 

Still, the particle diameter can decrease with time in case 
of sublimation, i.e., for high laser fluence regimes [83].

The temporal evolution of the signals emitted at 450 nm 
for carbon black and of TiO2 under different fluences are 
presented in Fig. 11. For carbon black (Fig. 11a), the decay 
rates are relatively linear (in log scale) without significant 
slope change for all fluences except for F = 0.23 J/cm2 . 
Since the particle temperatures for F = 0.06 and 0.12 J/
cm2 are quite similar, the decay rates are nearly the same 
in Fig. 11a. At F = 0.23 J/cm2 , the high fluence induces the 
sublimation of the particles, resulting in LIF from vapor-
ized species as discussed in Fig. 7a and decreasing the 
particle diameter. As a consequence, the LII signal has 
a rapid decay close to the prompt and presents a slope 
change of around 50 ns.

For pure TiO2 particles (Fig. 11b), at low laser fluence 
(F ≤ 0.06 J/cm2 ), a short-lifetime signal is detected at 450 
nm. Together with previous analysis on the spectrum, this 
possibly indicates that the LII component, known to be char-
acterized by long decay time, is not observed at this fluence. 
This is due to the fact the particle temperature is not high 
enough to emit a detectable LII signal. The lifetime tnon-LII of 
this signal is estimated to be ≈ 100 ns (FWHM around 10 ns, 
tail of temporal profile rests until 60 ns). At higher fluences 
(F ≥ 0.19 J/cm2 ), a slope change is observed near tnon-LII , 
indicating the presence of multiple signals with both short 
and long lifetimes. The short non-LII contributions are pre-
dominant over the first tnon-LII and present a significant slope. 
The long ones dominate the second period of the emission. 
Comparing F = 0.19 and F = 0.24 J/cm2 for t ≥ tnon-LII , the 
decay rate is nearly identical, meaning that the processes at 
the origin of the delayed LIE are quite similar for these two 
fluences. Once again, if the interpretation of temporal emis-
sion from soot particles is well established in literature [84], 
temporal LIE from TiO2 requires more extensive analysis.
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Fig. 11   Temporal evolution of laser-induced emission of a carbon black and b TiO
2
 nanoparticles at 450 ± 10 nm detection wavelength. Each 

profile is normalized by its maximum value
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For this, Figs. 12 and 13 show the normalized temporal 
evolution of signal for three different fluences for carbon 
black and two different fluences for TiO2 for different detec-
tion wavelengths. The temporal evolutions of LIE emissions 
at four wavelengths are considered for various laser fluences 
characterized by a significant S/N ratio. Only the temporal 
signals after 100 ns from peak signal are considered to com-
pletely avoid non-LII contribution. The signals are normal-
ized at 100 ns delayed timing to compare the temporal decay.

Concerning carbon black, a shorter residence time 
is observed when increasing the laser fluence. This is 
not in contradiction with the LII theory. It is true that at 
prompt timing for given initial particle state (diameter and 
temperature), a higher particle temperature is obtained for a 
higher laser fluence. However, the LII decay rate is governed 
by the particle temperature gradient as deduced from Eq. 4 
and not by particle temperature itself. Such temperature gra-
dient is governed by the evaporation, radiation and conduc-
tion processes. Thus, when considering LII in cold environ-
ment, it is possible to observe longer decay times for higher 
laser fluences due to a strong contribution of conduction to 

the cooling process as proven by LII simulations provided 
as Supplementary materials.

In the case of TiO2, the curves exhibit the same decay 
tendency for all fluences and wavelengths implying that par-
ticles have reached relatively close temperatures for the two 
considering fluences.

To validate the LII nature of the delayed LIE, the decay 
characteristic time � is calculated using Eq. (3) by fitting the 
LIE signals between 100 and 400 ns after the peak signal by 
using a log function. Results are shown in Figs. 14a and 14b 
for carbon black and TiO2 , respectively. Here, the fluence 
values before the evident vaporization regime (at the begin-
ning of the plateau curves) are considered, i.e., F = 0.12 J/
cm2 and F = 0.19 J/cm2 for carbon black and high-purity 
TiO2 , respectively. For other laser fluences, the same linear 
tendencies have been observed (not shown).

Concerning carbon black nanoparticles, the decay char-
acteristic time � increases with the wavelength in accord-
ance with Eq. (4), which has been derived for LII signals 
assuming a constant primary particle diameter dp . Similarly, 
for pure TiO2 nanoparticles, the decay characteristic time � 
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Fig. 12   Normalized temporal evolution of carbon black nanoparticles at different laser fluences at detection wavelengths of a 450 ± 10 nm, b 
570 ± 10 nm, c 640 ± 10 nm and d 710 ± 10 nm. All profiles are normalized with the value of the signal at 100 ns
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values are linearly proportional to the emission wavelength, 
confirming the LII nature of the delayed LIE as derived from 
the LII theory of Sect. 2.1.

Finally, the temporal evolution of quantity ΔT−1 defined 
in Eq. (5) is reported for carbon black nanoparticles in 
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Fig. 13   Normalized temporal evolution of high-purity TiO
2
 nanoparticles at different laser fluences at detection wavelengths of a 450 ± 10, b 

550 ± 10, c 650 ± 10 and d 710 ± 10 nm. All profiles are normalized with the value of the signal at 100 ns
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legend represents the coefficient of determination for the fitting procedure. The dotted lines are the results of the linear fitting
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Fig. 15 for two wavelengths and various fluences from the 
temporal LIE profile starting at t0 = 100 ns from prompt. In 
the case of carbon black, the ΔT−1 for �em = 640 and 710 nm 
are identical for fluences of 0.06 and 0.12 J/cm2 , confirming 
the incandescent nature of signal for all signal durations. 
Once again, discrepancies are observed for the highest flu-
ence (F = 0.23 J/cm2 ), where sublimation is suspected. The 
evolution of ΔT−1 of TiO2 of high purity in an inert environ-
ment is illustrated in Fig. 16. The evolution of ΔT−1 at �em = 
650 nm and �em =710 nm shows the same decreasing ten-
dency for the two fluence values. Therefore, the LII behavior 
of pure TiO2 is demonstrated at least for the LIE signals at 
these wavelengths and time delays.

5 � Conclusion

Laser diagnostics are increasingly employed for the char-
acterization of nanoparticle production in flame synthesis. 
Among the different available techniques, the LII satisfies 
the need to characterize the volume fraction with an in situ 

approach with possible application to turbulent flames. How-
ever, the adaptation of LII from conventional soot particles 
to non-soot metal oxide nanoparticles can be challenging 
in terms of phase change during the LII process, the selec-
tion of excitation laser wavelength, and the existence of 
non-thermal laser-induced emissions as interference dur-
ing the measurement. To the authors’ knowledge, studies 
applying LII on TiO2 have been done until now under the 
risk of carbon trace in signals from the hydrocarbon fuel or 
carbon-containing precursors [9, 40, 42, 54]. These studies 
were mainly performed for high flame temperatures close to 
the melting point of TiO2 , leading to uncertainty about the 
source of the incandescent signal. This study aims to defi-
nitely assess the feasibility of laser-induced incandescence 
measurements for TiO2 nanoparticles by considering high-
purity TiO2 aerosol.

The spectral and temporal behavior of laser-induced 
emission of TiO2 were investigated by comparison with 
carbon black nanoparticles. High-purity TiO2 produced by 
sol–gel process and carbon black nanoparticles are dispersed 
by N 2 gas flow into a non-reacting optical cell. A nearly 
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Fig. 15   Time evolution of ΔT−1 of carbon black nanoparticles LIE for three laser fluences at a F = 0.06, b F = 0.12 and c F = 0.23 J/cm2
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top-hat-shaped laser at 355 nm successfully heats the parti-
cles. Their spectral and temporal behavior was measured via 
spectrometer and PMT, respectively. The ambient tempera-
ture inert gas dispersion prevents the melting before the laser 
irradiation, the interference from flame-generated emission, 
and the possible formation of a carbonaceous layer on the 
particles.

For carbon black, the blue shift with increasing fluence 
was observed. C 2 emission was observed at high laser flu-
ence possibly due to sublimation. TiO2 nanoparticles show 
different prompt emission spectra depending on the laser 
fluence. At low fluence, the emission spectra of TiO2 resem-
ble those reported in the literature for LIF with a minor dis-
similarity due to the difference in particle nature and/or 
experimental parameters. At high fluence, sharp emission 
features superimposed with broadband emission spectra 
were detected. The distinct features might be interpreted as 
narrower LIF emissions under higher fluence or PS-LIBS 
atomic line emission. Focusing on the part of the signal 
not influenced by the interferences, the experimental sys-
tem is validated with conventional carbon black particles 
by demonstrating that the emission spectra with a delayed 
gate follow the black-body radiation behavior. Then, for tita-
nia, despite the difficulties in excitation and detection of LII 
measurements due to a small absorption function E(m

�
) , the 

delayed gate emission spectra show that the TiO2 nanopar-
ticles present a black-body-like radiation response during 
the cooling process. The LII on pure TiO2 is possible when 
(1) particles are heated with enough laser fluence and (2) 
delayed detection is applied to avoid short-duration non-LII 
emissions. In a temporally resolved signal, those interfer-
ences disappear after 100 ns with an apparent change of the 
decaying slope. The LII nature of TiO2 LIE is also proven 
based on the LII theory with temporal evolution in different 
emission wavelengths.

This study demonstrates the possibility of the in situ LII 
on pure TiO2 in a cold environment. In the Supplementary 
materials, its feasibility is extended to flame-synthesized 
TiO2 nanoparticles. Nevertheless, the analysis of the LII sig-
nal for non-soot nanoparticles remains challenging. Specifi-
cally, the parasite laser-induced emissions, LIF and PS-LIBS 
atomic emissions, prevent the possibility of measuring the 
effective temperature of particles at the timing of the signal 
peak, which is necessary to interpret the LII signal in terms 
of volume fraction. Data analysis to obtain size information 
will be more difficult with unknown and/or unfavorable opti-
cal properties. The possible coexistence of different particle 
populations should also be taken into account during the LII 
signal interpretation.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00340-​023-​08038-3.
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